Periodic orbit resonances in layered metals in tilted magnetic fields 
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The frequency dependence of the interlayer conductivity of a layered Fermi liquid in a magnetic 
field which is tilted away from the normal to the layers is considered. For both quasi-one- and 
quasi-two-dimensional systems resonances occur when the frequency is a harmonic of the frequency 
at which the magnetic field causes the electrons to oscillate on the Fermi surface within the layers. 
The intensity of the different harmonic resonances varies significantly with the direction of the field. 
The resonances occur for both coherent and weakly incoherent interlayer transport and so their 
observation does not imply the existence of a three-dimensional Fermi surface. 

To appear in Physical Review B, Rapid Communications, October 15, 1999. 



There is considerable interest in performing frequency- 
dependent transport measurements on strongly corre- 
lated metals in the hope that they will provide new infor- 
mation about the metallic state such as a direct determ:' 
nation of the scattering rate. Layered organic metalaj' 
are ideal for such experiments due to their high puritj 
and a number of experiments have been performedJj'l 
In this paper we show that when the magnetic field is 
tilted away from the normal to the layers that there 
are well-defined resonances in the interlayer conductivity 
when the frequency equals a harmonic of the frequency 
at which the magnetic field causes electrons to traverse 
the Fermi surface within the layers. This occurs for both 
quasi-two and quasi-one-dimensional systems. The in- 
tensity of the resonances at different harmonics varies 
significantly with the direction of the field. For example, 
it is possible to choose the field direction so one will see 
predominantly only odd or even harmonic resonances. In 
general, a three-dimensional Fermi surface is not neces- 
sary for the observation of the resonances. We also com- 
pare our results to previous theoretical workHfl which has 
involved more complicated band structures. 

We assume a Fermi liquid within the layers with the 
simplest possible dispersion relation e{kx, ky). For quasi- 
one-dimensional systems we take 



t{kx, ky) = 'hvF{\kx\ — kp) — 2t}j cosikyh) 



(1) 



where vp in the Fermi velocity, kp in the Fermi wave 
vector, if, the interchain hopping integral, and b the in- 
terchain distance. For the quasi-two-dimensional case. 
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-{kl + ky) where m* is the effective mass. 



e{kx , ky 

Solution of the semi-classical equations of motion shows 
that in a magnetic field B normal to the layers electrons 
move across the Fermi surface within the layers at a pe- 
riodic orbit frequency luq , which equals — ^ — or for 

h m* 

the quasi-one- and quasi-two-dimensional cases, respec- 
tively. 

We consider a magnetic field tilted at an angle 9 
away from the normal to the layers. For the quasi-one- 
dimensional case we at first only consider the case where 



the field is confined to the x — z plane, i.e., the plane con- 
taining the most and least-conducting directions. This 
is done for reasons of simplicity; later in the paper, we 
consider more general field directions for the quasi-one- 
dimensional case. We have calculated the frequency- 
dependent interlayer conductivity for two different mod- 
els for the interlayer transport: coherent and weakly in- 
coherent interlayer transport. A detailed discussion of 
these two models is given in Reference 0. The former 
model is associated with a three-dimensional Fermi sur- 
face. The latter occurs when the intralayer scattering 
rate 1 /r is much larger than the interlayer hopping inte- 
gral tc and so one cannot define a wave vector perpendic- 
ular to the layers. In that case the Fermi surface is only 
defined within the layers. In this paper we present the 
results of our calculations and discuss their implications. 
The details of the calculations are similar to those for the 
dc conductivity.Q The scattering time r is assumed to be 
the same at all points on the Fermi surface. We find that 
the frequency-dependent interlayer conductivity for both 
coherent (except when the field is very close to the lay- 
ers) and weakly incoherent interlayer transport is, for a 
frequency uj, 



,{uj) 



(7 tan 6*)^ 



iy — — 00 



1 + (CJ — VLJo COS 6)^t'^ 



(2) 



where J^{x) is the i^-th order Bessel function, loq is the 
oscillation frequency associated with the magnetic field, 
and is the dc conductivity in the absence of a mag- 
netic field. 7 is a constant that depends on the geometry 

2tbC 

of the Fermi surface; it is - — and kpc for the quasi-one- 

rivp 

and quasi-two-dimensional cases, respectively. 

AMRO. In the dc limit (w = Ol^Eqn. ^ reduces to 
our result for the dc conductivity.ElEl At a fixed field, the 
interlayer resistivity oscillates as a function of the tilt an- 
gle; referred to as angular-dependent magnetoresistance 
oscillations (AMRO).Q These oscillations are known as 
the Yamaji and Banner oscillations for the quasi-two- 
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and quasi-one-dimensional cases, respectively. The in- 
terlayer dc resistivity is a local maximum at the angles, 
e = eZi„^ where 



7tanC 



1,2,3,-- 



(3) 



and a local minimum at angles, = 6'™j„ where 



7tanC„.= ("1+-)^ m=l,2,3,-... (4) 



Drude peak. In zero field {loq 
is perpendicular to the layers {9 
Drude form. 



1 + (wt)2 



: 0) or when the field 
0) (0) reduces to the 



(5) 



It is interesting that this result holds for weakly incoher- 
ent transport. This means that even when the intralayer 
scattering rate is so large (1/r » tc) that the interlayer 
mean-free path is much less than the layer spacing one 
will still observe a Drude peak when there is a Fermi 
liquid within each of the layers. 

Periodic orbit resonances. The most important prop- 
erty of @), and the focus of this paper, is that the 
frequency-dependent conductivity has resonances at har- 
monics of the periodic orbit frequency. 



Lu — n loq cos ( 



(6) 



where n is an integer. The n— th resonance has intensity 
J„(7tan0)^, which varies significantly with the orienta- 
tion of the magnetic field. 

What is the physics behind these resonances? In the 
coherent case the interlayer electronic group velocity for 
a trajectory on the Fermi surface starting at fcz(O) is 

Vz {kz (0) , ~ sin(7 tan 6 sin(wo cos 9t) + (0)c) 

' J„(7 tan 9) sin^ntoo cos 9t) (7) 



which will produce an alternating current at harmonics of 
the periodic orbit frequency. An ac electric field in the z 
direction will have resonances with this current. For the 
weakly incoherent case the overlap of the time-dependent 
wavefunctions between neighbouring layers has the same 
form as the right hand side of (Q). 

In a typical experiment the layered metal is placed in- 
side a microwave cavity which has a fixed resonance fre- 
quency u. The magnetic field is then varied and one 
looks for resonances in the cavity response, which will 
generally be dominated by changes in the interlayer re- 
sistivity. Hence, in Fig. 1 we plot ^^^(w) versus wq which 
is proportional to the magnetic field. The figure shows 
a very rich structure in the field dependence in a tilted 
field, with resonances at many different harmonics of the 



periodic orbit frequency loq cos 9. Furthermore, the inten- 
sity of the different resonances is very different, depend- 
ing on whether the field is at an angle corresponding to 
an AMRO maximum or minimum. For example, at the 
first AMRO minimum the first harmonic is suppressed 
whereas at the fifth AMRO maximum the second and 
fourth harmonics are suppressed. For z > n, the asymp- 
totic form J„(z) ^ \f^^os {z — ^ — j) holds. Hence, 
in general, if the field is tilted at the m'th AMRO max- 
ima (minima) one will see only the odd (even) harmonics 
with n < m. To illustrate the above discussion in Fig. 2 
we plot the intensity of the resonance at the n-th har- 
monic as a function of n at several different angles. For 
example, this explains the absence of the n = 2, 4, and 
7 peaks for the fifth AMRO maximum. The peak at the 
lowest field in Fig. 1 represents a superposition of res- 
onances with the n = 12, 13, and 14 harmonics; they 
cannot be resolved because ujqt ^ 1. 

The richness of the response shown in Fig. 1 has impor- 
tant implications for the interpretation of experimental 
results, many of which contaiiL multiple resonances. As 
emphasized previously by HillQ, one should be cautious 
about assigning different resonances to different bands 
with different effective masses. It is quite possible that 
if the sample is aligned (perhaps inadvertantly) so that 
the field is tilted away from the normal to the layers 
that the different features observed actually correspond 
to harmonics of a single band. 

Open orbit resonances. In a quasi-two-dimensional 
metal the presence of periodic orbits is clearly seen in 
magnetic oscillations such as the de Hass - van Alphen 
effect. In contrast, the periodic orbits in a quasi-one- 
dimensional metal do not produce such oscillations, rais- 
ing the question of what might be clear experimental sig- 
natures of the existence of the periodic orbits B The result 
(^) shows that frequency-dependent resonances in the in- 
terlayer conductivity provide a means to directly estab- 
lish the periodic motion of the electrons in a quasi-one- 
dimensional system and to determine the Fermi veloc- 
ity vp- It has been proposed that in strongly correlated 
chains with weak intecchain coupling that coherence is 
confined to the chains.EHI One would not expect periodic 
orbit behavior within the layers in such circumstances. 
Hence, detection of periodic orbit resonances in a partife 
ular material is a possible way to rule out this proposaM 
for that material. 

Gorkov and Lebe d0 have previously proposed a 
method of detecting periodic orbit resonances in a quasi- 
one-dimensional metal usiag singularities in the surface 
impedance. However, Hillu pointed out that typical ex- 
periments do not satisfy the requirement that the skin 
depth be less than the cyclotron radius and mean-free 
path. The method here involves the bulk conductivity 
and so is not under similar constraints. Hillu consid- 
ered the frequency-dependent interlayer conductivity for 
a three-dimensional band structure where the interlayer 
hopping depends on the wave vector within the layer and 
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the intralayer Fermi surface is elliptical. He found that 
resonances associated with the second and third harmon- 
ics of the cyclotron frequency were possible. The present 
work shows that some of the effects he found associated 
with a complicated band structure can also be produced 
with a simple band structure in a tilted field. 

Kohn's theorem. Some of the motivation for frequency- 
dependent measurements in layered metals has been the 
idea that cyclotron resonance measurements can pro- 
vide information about the strength of many-body ef- 
fects which lead to differences between the effective mass 
deduced from cyclotron resonance, and that deduced 
from magnetic oscillations. KohnE3 showed that for an 
isotropic three dimensional metal with the electric field 
perpendicular to the magnetic field, a cyclotron resonance 
experiment will measure a resonance frequency which is 
independent of the strength of the electron-electron inter- 
actions. In contrast, the effective mass determined from 
the temperature dependence of magnetic oscillations is 
renormalised by the interactions. Hence, a comparison of 
the effective mass from the two measurements provides a 
means to determine the importance of electron-electron 
interactions in a material. Kohn's argument easily fol- 
lows through for a two-dimensional electron gas with the 
magnetic field perpendicular to the plane of the 2DEG 
and the oscillating electric field parallel to the plane. 
However, the resonances in the interlayer conductivity 
discussed above are determined by the component of the 
magnetic field perpendicular to the layers, which is par- 
allel to the direction of the oscillating electric field. One 
finds in that case that Kohn's argument breaks down and 
so without further work it is not clear whether Kohn's 
ideas are applicable to the interlayer conductivity of lay- 
ered metals. In particular, it is quite possible that the 
resonances discussed here include all the effects of the 
interactions. 

Typical parameter values. Typical microwave cavities 
operate at a; = 30-150 GHz and to observe the resonances 
discussed here we should have at least ujt > 3. This 
means the sample must be of sufficient purity that the 
scattering time t > 2 x 10~^^ sec. The values for quasi- 
two-dimensional BEDT-TTF materials deduced from the 
Dingle temperature (~ 1 K) for magnetic oscillations are 
typically about 10"^"'^ sec. The Dingle temperature tends 
to underestimate the true value and so with the best sam- 
ples it should be possible to detect the effects discussed 
here. For the quasi-one^mensional (TMTSF)2C104 
Danner, Kang and Chaikinll3 estimated r = 4 x 10^^^ sec 
from comparing the angular-dependent interlayer magne- 
toresistance with semi-classical calculations. If a; = 100 
GHz, this would give ujt 0.4 and so one would need a 
better sample or to work in the infra-red to see a clear 
resonance. Furthermore, to detect the first harmonic the 
field needs to be tilted near the first AMRO maximum, 
9^^^ = 84deg. U uj = 100 GHz, the first harmonic wiU 
occur at a field B = fiuj / {evpb cos 9 max) = 2 T. 

Quasi- one- dimensional systems with the field 



in a general direction. For the field B = 
(sin cos a, sin sin a, cos 0), the interlayer conductivity 
is 



Jy(7tan0cosa) 



^ 1 + (a; — uJo{i'COfi9 — csm9 sin a/ b))'^T^ 



(8) 



which reduces to (|2|) when a = |-|0.lii This can 
used to interpret recent observationso of frequency- 
dependent resonances in the low-temperature phase 
of a-(BEDT-TTF)2KHg(SCN)4. In order to make a 
clearer connection To do this we change to angular co- 
ordinates similar to that used in Ref. ^, where B — 
(sin0, cos (/) sin -0,008 (/) cos -0). The n-th resonance will 
occur with intensity J„(7tan(/)/cos'0)^ when to/ujo — 
n cos (j) cos ip — {c/b) cos (j) sin ip which can be re- written 
as = nsin{xp -f ipn) where tan^n = c/nb and 

ujo cos (j) is proportional to B\\ , the component of the field 
parallel to the y — z plane. This is in a similar form to 
Eqn. (6) in Ref. |. If b/c = 1.3 then = 38 or 142 
degrees and 02 = 21 degrees. These values are in reason- 
able agreement with the values deduced in Ref. ^ from 
the two resonances observed in the experiment. 

An alternative interpretation of the origin of the res- 
onances was given in Ref. M in terms of a quasi-one- 
dimensional band structure,Ej where the interlayer trans- 
port includes hopping beyond next-nearest neighbours. 



e{k^,ky,k^) = hvF{\kx 



kp) — tmn cosimkyb -\- nkzc) 



(9) 



and each sum is over all the integers. This can be com- 
pared to our dispersion (!]) which corresponds to (|^) 
with the only non-zero elements being tio = t^ and 
^01 = tc, and we do not necessarily assume coherent inter- 
layer transport. Blundell, Ardavan, and Singleton have 
shownO that for a magnetic field in the y — z plane the 
frequency-dependent interlayer conductivity is 



+ (u; — u;o(ncos^ — mcsin6/b)y 



(10) 



which has resonances when uj — ujQ(ncos9 — mc sin 9 /b) 
where m and n are integers. The intensity of these reso- 
nances depends on the hopping matrix elements, tmn- 
Whereas in our treatment these features arise from a 
component of the field in the x-direction, in Ref. |4| they 
are attributed to the presence of|-s5farping in the Fermi 
surface associated with tn and ti2t3 Also, since (^) holds 
for both coherent and weakly incoherent interlayer trans- 
port even the existence of a three-dimensional Fermi sur- 
face is not necessary for the observation of frequency- 
dependent resonances. Provided there is a Fermi sur- 
face within the layers and the intralayer momentum is 
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conserved in transport between adjacent layers then the 
resonances are observable. 
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FIG. 1. Magnetic field dependence of the interlayer con- 
ductivity at a fixed frequency ijj when the magnetic field is 
tilted at several different angles Q away from the normal to 
the layers. The integers given near the peaks denote at which 
harmonic of the periodic orbit frequency wo cos d at which the 
resonance occurs. Note that if the field is tilted at an angle 
corresponding to the m'th AMRO maxima (minima) peaks 
only occur at the odd (even) harmonics with n < m. The ac 
conductivity azz(a') is normalised to the dc conductivity in 
zero field, cr^^. The scattering time t is such that lot = 10. 
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FIG. 2. The intensity of the different harmonic resonances 
in the interlayer conductivity the field is tilted at angle cor- 
responding to different AMRO maxima and minima. 
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